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Animals	 are	 able	 to	 store	 newly	 acquired	 information	 about	 the	 external	 world	 as	
memories.	Memory	formation	occurs	via	rearrangements	of	neural	circuitries,	which	are	elicited	








stages	 of	memory	 formation,	 as	well	 as	 after	 behavior	 recall.	We	 identified	 a	 total	 of	 8,951	
proteins	and	568	phosphoproteins,	making	this	study	the	largest	hippocampal	proteome	to	date.	
Statistically	significant	abundance	changes	were	shown	in	465	proteins	and	64	phosphoproteins	




of	 the	 ubiquitin-proteasome	 system	 (UPS),	 as	 well	 as	 calcium/calmodulin-dependent	 protein	
kinase	II	(CaMKII),	provides	evidence	for	the	existence	of	a	time	window	after	behavioral	recall	














memórias	 tem	 sido	 realizada	 primariamente	 em	 animais	 submetidos	 a	 paradigmas	
comportamentais	relacionados	a	memória	espacial	ou	de	medo.	Neste	estudo,	nós	examinamos	
as	 mudanças	 moleculares	 associadas	 com	 o	 armazenamento	 de	 informações	 em	 animais	
submetidos	 ao	 condicionamento	operante	 (OC).	 Aqui,	 empregamos	 a	 cromatografia	 de	 troca	
aniônica	 (SAX)	offline	 com	eluição	através	de	um	gradiente	 crescente	de	 sal	 seguido	de	uma	









sistema	 ubiquitina-proteassoma	 (UPS),	 assim	 como	 calcium/calmodulin-dependent	 protein	
kinase	 II	 (CaMKII),	 fornece	 evidência	 para	 a	 existência	 de	 uma	 janela	 de	 tempo	 depois	 da	








O	 aprendizado	 e	 a	 memória	 são	 processos	 fundamentais	 na	 vida	 de	 um	 animal.	 O	
aprendizado	 refere-se	 à	 capacidade	 de	 adquirir	 novas	 informações	 sobre	 o	mundo	 exterior,	
enquanto	a	memória	é	o	mecanismo	pelo	qual	esses	dados	são	codificados	e	armazenados	para	
uma	evocação	posterior.	A	formação	de	novas	memórias	depende	do	rearranjo	de	vias	celulares	
específicas	 em	 diferentes	 regiões	 do	 sistema	 nervoso	 central	 como	 o	 hipocampo.	 Esses	
rearranjos	 incluem	 alterações	 morfológicas	 que	 são	 induzidas	 pela	 transcrição	 de	 genes	
específicos,	 a	 tradução	 de	 distintas	 sequências	 de	 mRNA	 e	 a	 regulação	 de	 proteínas	 por	
modificações	pós-traducionais	(PTMs).	As	moléculas	e	as	regiões	do	hipocampo	que	medeiam	
essas	 mudanças	 podem	 diferir	 dado	 o	 tipo	 de	 informação	 que	 está	 sendo	 codificada.	 Por	
exemplo,	 animais	 submetidos	 a	 paradigmas	 comportamentais	 referentes	 a	memória	 espacial	
sofrem	modificações	no	giro	denteado	(DG),	enquanto	organismos	sujeitos	ao	condicionamento	
contextual	 de	 medo	 (FC)	 possuem	 alterações	 nos	 neurônios	 da	 região	 CA1	 do	 hipocampo.	










um	modelo	 comumente	utilizado,	 a	 fase	precoce	do	 LTP	 (E-LTP)	 é	 guiada	primariamente	por	
eventos	de	transdução	de	sinais.	Durante	as	primeiras	horas	que	seguem	a	aquisição	de	uma	
memória,	 íons	 de	 Ca2+	 entram	 no	 neurônio	 pós-sináptico	 e	 ativam	 diversas	 cinases	 como	 a	
calcium/calmodulin-dependent	protein	kinase	 II	 (CaMKII).	CaMKII	ativada	 fosforila	 resíduos	de	
receptores	 localizados	 na	 membrana	 pós-sináptica,	 aumentando	 a	 condutância	 deles.	 Essa	
ativação	da	CaMKII	também	leva	ao	tráfico	de	receptores	do	tipo	α-amino-3-hydroxy-5-methyl-
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4-isoxazolepropionic	 acid	 (AMPA)	 para	 as	 densidades	 pós-sinápticas	 (PSDs),	 uma	 estrutura	
especializada	 localizada	 na	 membrana	 dos	 neurônios	 pós-sinápticos.	 De	 3	 a	 6	 h	 depois	 da	
aquisição	da	memória,	a	fase	tardia	do	LTP	(L-LTP)	inicia-se,	desencadeando	síntese	proteica	e	
grandes	 alterações	 do	 proteoma	do	 hipocampo.	 Por	 exemplo,	 a	protein	 kinase	A	 (PKA)	 ativa	
fatores	 de	 transcrição	 incluindo	 cyclic	 AMP-responsive	 element-binding	 protein	 (CREB).	 CREB	
ativado	aumenta	a	transcrição	de	genes	alvo	que	medeiam	mudanças	estruturais	nos	neurônios	
pós-sinápticos.	






LTP	 é	 necessário	 para	 a	 consolidação	 de	 memórias.	 Ademais,	 memórias	 consolidadas	 ainda	
podem	 sofrer	 mudanças	 quando	 o	 comportamento	 é	 evocado	 novamente.	 Esse	 processo,	
conhecido	como	reconsolidação	da	memória,	induz	a	tradução	de	novas	proteínas	que	causam	
modificações	adicionais	na	arquitetura	dos	neurônios	do	hipocampo.	Acredita-se	que	o	processo	
de	 reconsolidação	 da	 memória	 é	 uma	 adaptação	 dos	 organismos	 para	 fornecer	 novas	
informações	ao	conhecimento	que	já	foi	adquirido	anteriormente,	aumentando	as	chances	dos	
animais	de	sobreviver	em	um	mundo	em	constante	mudança.	O	processo	de	reconsolidação	da	
memória	 foi	 demonstrado	 em	 uma	 série	 de	 tarefas	 comportamentais,	mas	 evidências	 desse	
processo	em	ratos	submetidos	ao	OC	ainda	estão	em	discussão.		
Com	o	intuito	de	entender	o	processo	de	consolidação	de	memórias	em	ratos	submetidos	
ao	OC,	empregamos	 in-depth	 cromatografia	 líquida	acoplada	a	espectrometria	de	massas	em	
tandem	(LC-MS/MS)	para	medir	mudanças	em	proteínas	e	fosfoproteínas	hipocampais	a	30	min	
e	 12	 h	 depois	 de	 submeter	 animais	 ao	 condicionamento	 operante.	 Ademais,	 sondamos	 o	
proteoma	e	fosfoproteoma	desses	animais	depois	da	evocação	desse	comportamento	um	dia	
depois.	 Identificamos	 um	 total	 de	 8.951	 proteínas	 e	 568	 fosfoproteínas,	 das	 quais	 465	 e	 64	
mostraram	 mudanças	 estatisticamente	 significativas,	 respectivamente.	 Aqui,	 revelamos	 a	
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identidade	de	 proteínas	 que	 exibiram	 variações	 significativas	 tão	 cedo	quanto	 1	 h	 depois	 do	
treinamento	 e	 demonstramos	 que	 as	 variações	 de	 abundância	 nas	 proteínas	 não	 foram	
acompanhadas	 por	 uma	 mudança	 nos	 níveis	 de	 seus	 transcritos.	 Ademais,	 fornecemos	























	 Memory	 is	 one	 of	 the	 most	 important	 components	 of	 behavior	 and	 it	 refers	 to	 the	
capacity	to	store	and	retrieve	new	information	about	the	physical	world	(Kandel	et	al.,	2014).	
Memory	has	emerged	very	early	 in	the	evolutionary	history	of	the	nervous	system,	and	it	has	




disrupts	 the	connectivity	between	nerve	cells,	 leading	 to	memory	 impairments	and	dementia	
(Musunuri	 et	 al.,	 2014;	 C.	 A.	 Ross	 and	 Poirier,	 2004).	 In	 Huntington’s	 disease,	 likewise,	 the	











as	 fear	conditioning	 (FC)	–	a	 form	of	associative	 learning	 in	which	organisms	pair	an	aversive	










1;	 Strange	 et	 al.,	 2014).	 Each	 of	 these	 sections	 harbors	 different	 populations	 of	 cells	 that	






types	 of	 behavioral	 paradigms	 elicits	 morphological	 changes	 in	 distinct	 regions	 of	 the	





of	 the	 hippocampus,	 where	multimodal	 sensory	 and	 spatial	 information	 coming	 from	 the	 entorhinal	
cortex	(EC)	is	relayed	to	the	CA1	area	following	this	route:	EC–DG–CA3–CA1.	In	blue,	we	illustrated	the	
Pontes and de Sousa Unveiling Memory through Mass Spectrometry
FIGURE 1 | The two main pathways to the CA1 area of the hippocampus on the left, and early-phase NMDA dependent-LTP on the right. The red arrows
in the picture on the left show the trisynaptic circuit of the hippocampus, where multimodal sensory and spatial information coming from the entorhinal cortex (EC) is
relayed to the CA1 area following this route: EC–DG–CA3–CA1. In blue, we illustrated the direct perforant pathway, which directly connects the EC to the CA1 region.
On the picture in right, we show an illustration of the early-phase LTP. Here, (1) glutamate from the presynaptic neuron is released into the synaptic cleft. (2) This
neurotransmitter reaches ionic channels of the postsynaptic cell causing depolarization of this neuron by the influx on sodium and calcium cations. (3) Calcium, in its
turn, activates CaMKII that (4) phosphorylates ionic chann ls in the PSDs and (5, 6) induces the addition of AMPA receptors to the postsynaptic membrane, incr asing
synaptic efficiency.
the main excitatory neurotransmitter in the brain, diﬀuses
through the cleft and reaches the post-synaptic neuron, where
it binds to ligand-gated ion channels. The interaction between
the neurotransmitter and the ionotropic NMDA receptor results
in the influx of Ca2+ and Na+ into the cell (Schiller et al.,
1998; Dingledine et al., 1999; Castillo, 2012). The Na+ helps
to bring about a depolarization of the postsynaptic neuron
that last a few milliseconds, while the Ca2+ promotes the
activation of protein kinases such as calcium/calmodulin-
dependent protein kinase (CaMKII) (Lisman et al., 2012;
Lüscher and Malenka, 2012). CaMKII and other kinases prompt
the introduction of other ionotropic channels called α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors into the postsynaptic density (PSD)—a structure
located in the tip of the dendritic spine of postsynaptic cells
composed of ionic receptors and a dense network of proteins
that regulate synapse strength (Hayashi et al., 2000; Chen et al.,
2008; Lu et al., 2010). This traﬃc of new AMPA receptors to
the membrane ultimately leads to an improvement in synaptic
communication (Figure 1).
If the activation of the pre and postsynaptic neurons
persists for longer periods of time—something that can also
be accomplished in vitro by repeated stimulation of the cells
by high frequency tetanus pulses of 100 Hz, a number of
signaling cascades are activated, leading to protein synthesis and
synapse rearrangement (Nguyen et al., 1994; Hölscher et al.,
1997; Ryan et al., 2015). This is known as the late phase
LTP, also called the expression phase. In this stage, the rise
in Ca2+ ions inside the cell, caused by the constant release
of glutamate by the presynaptic cell, induces the increase in
the production of cyclic adenosine monophosphate (cAMP) by
adenyl cyclase (Wong et al., 1999; Poser and Storm, 2001).
cAMP, in turn, activates protein kinase A (PKA) that switches
on mitogen activated protein kinase (MAPK) (Abel et al., 1997;
Roberson et al., 1999). This kinase is translocated to the nucleus
and phosphorylates cAMP response element binding protein 1
(CREB-1), an important transcription factor (Viola et al., 2000;
Patterson et al., 2001). The phosphorylation activates CREB-1,
resulting in increased transcription of a number of target genes
and their subsequent translation into proteins responsible for the
formation of new synaptic connections (Figure 2) (Deisseroth
et al., 1996; Ahmed and Frey, 2005; Benito and Barco, 2010).
The signaling pathways outlined above provide a broad
understanding about the order and timing of molecular events
governing the early and late phase of NMDA-dependent LTP.
However, this model lacks information about regulatory changes
that might be occurring translationally and post-translationally.
In addition, this picture only focuses on a limited number






CaMKII	 that	 (4)	 phosphorylates	 ionic	 channels	 in	 the	 PSDs	 and	 (5,	 6)	 induces	 the	 addition	 of	 AMPA	
receptors	to	the	postsynaptic	membrane,	increasing	synaptic	efficiency.		
The	 morphological	 changes	 associated	 with	 the	 formation	 of	 new	 memories	 in	 the	
hippocampus	are	triggered	by	the	transcription	of	specific	genes,	the	translation	of	distinct	mRNA	

















(Lisman	 et	 al.,	 2012;	 Lüscher	 and	 Malenka,	 2012).	 CaMKII	 and	 other	 kinases	 prompt	 the	
introduction	 of	 other	 ionotropic	 channels	 such	 as	 α-amino-3-hydroxy-5-methyl-4-





















Pontes and de Sousa Unveiling Memory through Mass Spectrometry
FIGURE 2 | Late-phase NMDA dependent-LTP. In this stage, (1, 2) Ca2+ ions inside the cell recruit adenyl cyclase to produce cAMP. (3, 4) Cyclic adenosine
monophosphate, in turn, activates PKA that switches on MAPK. (5) This kinase is translocated to the nucleus and phosphorylates CREB-1, an important transcription
factor. (6, 7) The phosphorylation activates CREB-1, resulting in increased transcription of a number of target genes and their subsequent translation into proteins
responsible for the formation of new synaptic connections.
of molecular players and little or no information on their
stoichiometry is known. In the next sections, we describe the




Proteomics is a system-wide analysis of the proteins expressed
in a specific cell, tissue, or organism at a given time (Anderson
and Anderson, 1996; Zhang et al., 2013). Although the term
proteomics relates to the use of any technology that seeks
to interrogate a large number of proteins, it is nowadays
used to refer to works where the central platform is mass
spectrometry. Currently, the gold standard strategy in MS-based
proteomics is shotgun proteomics (Mann and Kelleher, 2008;
Domon and Aebersold, 2010). Here, a complex mixture of
proteins is digested into peptides with a protease of interest,
usually trypsin, which cleaves on the C-terminal side of lysine
and arginine. Subsequently, the peptides are separated online
by reverse-phase liquid chromatography (LC) and analyzed by
mass spectrometers such as quadrupole/time-of-flight (QTOF),
ion trap (IT), orbitrap (OT), or ion cyclotron resonance (ICR)
(Marshall et al., 1998; Michalski et al., 2011; Thakur et al., 2011;
Beck et al., 2015).
In a typical shotgun experiment, the LC-MS/MS run takes
up to 120 min and is composed of thousands of cycles, each
one made of a MS1 scan—also known as a full scan—that
measures the peptides’ mass to charge ratio (m/z) and intensity,
and a MS2 or MS/MS scan. During the MS2 scan, the 20 most
intense peptides in each cycle are fragmented in a collision cell,
usually filled with an inert gas such as nitrogen or helium, and
their spectra are again measured to obtain sequence information
(Geiger et al., 2011; Thakur et al., 2011). Once acquired,
the LC-MS/MS data are used in searches against databases
containing peptides digested in silico to identify the proteins
present in the sample(s) (Figure 3) (Sadygov et al., 2004).
In addition to protein identification, mass spectrometry can be
used to extract quantitative information from samples. Protein
quantification can be absolute, if known amounts of a heavy
analog of the analyte of interest is added prior to the analysis in
Frontiers in Chemistry | www.frontiersin.org 4 October 2016 | Volume 4 | Article 40
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FIGURE	2	I	Late-phase	LTP.	In	this	stage,	(1,	2)	Ca2+	ions	inside	the	cell	recruit	adenyl	cyclase	to	produce	


























and	 arginine.	 Subsequently,	 the	 peptides	 are	 separated	 online	 by	 reverse-phase	 liquid	
chromatography	(LC)	and	analyzed	by	high	resolution	mass	spectrometers	such	as	time-of-flight	
	 16	












online	 in	a	reverse-phase	 liquid	chromatography	and	electrosprayed	 into	the	mass	analyzer.	The	mass	




	 In	 addition	 to	 protein	 identification,	 mass	 spectrometry	 can	 be	 used	 to	 extract	
quantitative	 information	 from	 samples.	 Protein	 quantification	 can	 be	 absolute	 –	 if	 known	








Pontes and de Sousa Unveiling Memory through Mass Spectrometry
FIGURE 3 | Workflow of the gold standard strategy in shotgun proteomics. Here, peptides are separated online in a reverse-phase liquid chromatography and
electrosprayed into the mass analyzer. The mass spectrometer measures the peptides’ m/z and intensity in the MS1 cycle. Upon fragmentation, the product ions of
each peptide are reanalyz d to obtain sequence nformati n of the analyte in the MS2 cycle. Once this experimental data is acquired, information is searched against
a database of the organism of interest to identify the proteins in the sample.
a mass spectrometer, or relative, if samples in diﬀerent states are
compared (e.g., brain tissue from rodents trained in a behavioral
paradigm vs. controls) (Kettenbach et al., 2011; Bantscheﬀ et al.,
2012). The most popular strategies for relative quantification are
label-free, metabolic labeling, and chemical labeling (Figure 4).
In label-free quantification, as the name suggests, no label is
added to the samples, which are digested and run individually
in the mass spectrometer—being the results computationally
combined after the acquisition of the data (Filiou et al., 2012). In
this strategy, quantification takes advantage of the area plotted
over time for each ion as it elutes from the chromatographic
column. Later, this extracted ion chromatogram (XIC) is aligned
across diﬀerent samples, and a ratio for each peptide is obtained.
Another mode of quantification in label-free experiments is
spectrum counting. Here, quantification is based on the number
a particular peptide is fragmented during a LC-MS/MS run,
which serves as a proxy for abundance and can be compared
between conditions (Bantscheﬀ et al., 2007; Hernández et al.,
2012). Label-free is regarded as the least accurate strategy of
relative quantification, but it has gained momentum due to
its low cost, improvements in sample handling, refinement of
the chromatographic setup, and development of software for
accurate data analysis (Ong and Mann, 2005; Altelaar and Heck,
2012).
By contrast, in metabolic labeling, prior to protein extraction
at least one of the conditions is labeled with a heavy stable isotope
such as 15N or heavy amino acids such as lysine, arginine, or
both (Ong, 2002; Rauniyar et al., 2013). The use of a heavy
analog prevents the variation usually encountered in label-free
experiments, since the samples are mixed, digested and analyzed
simultaneously in the LC-MS/MS run. This can be accomplished
because heavy (labeled) and light (non-labeled) peptides retain
the same physicochemical properties (e.g., retention time during
the LC), but a mass shift between them enables their distinction
latter in the data analysis. The only exception to this rule is
deuterium (2H), which is more hydrophilic than hydrogen; this
creates a delay in the retention time between the labeled and
non-labeled conditions (Yi et al., 2005). Here, as it is also the case
in label-free experiments, quantification is acquired by the peak
area ratios of the heavy and light peptides in the XIC (Ong, 2002;
Bantscheﬀ et al., 2007).
Even though metabolic labeling is the most accurate relative
quantification strategy, it has a restricted capacity to multiplexing
due to the limitation on the isotopes that can be added to
an amino acid and the increase in sample complexity in the
MS1 (Hebert et al., 2013). Chemical labeling, in its turn, is able
to circumvent those limitations. To this day, many chemical
labeling reagents have been developed, but the most used are
isotope-coded aﬃnity tags (iCAT), tandemmass tags (TMT), and
isobaric tags for relative and absolute quantification (iTRAQ)
(Gygi et al., 1999; Thompson et al., 2003; Ross, 2004). iCAT,
which labels samples at the protein level, uses the tags that are
composed of a reactive group that binds to reduced cysteine
residues, a linker group that incorporates isotopes in the heavy
reagent, and a biotin aﬃnity group for the isolation of the iCAT-
labeled peptides. In a typical experiment using iCAT, the reagent
labels protein samples at two diﬀerent conditions (the light
and heavy version of the tags), which are then mixed together
and enzymatically cleaved. Next, the peptides with the tags are
enriched by avidin aﬃnity chromatography and analyzed in a
LC-MS/MS run. Here, quantification is obtained by the peak area
ratios of the heavy and light peptides (Yi et al., 2005).
iCAT possesses the same limitation in multiplexing as
metabolic labeling, yet iTRAQ and TMT enables from 8 to 10
samples, respectively, to be analyzed in a single experiment.
iTRAQ and TMT are isobaric tags that label analytes at the
peptide level. Their tags are composed of a reactive group that
binds to the N-terminal of peptides and lysine residues, a balance
group—which ensures that the same peptides in the diﬀerent
conditions elute together and are indistinguishable in the MS1
scan—and a reporter group. Unlike other quantitative strategies,
quantification on iTRAQ and TMT is based on the intensity
signal of the reporter group that is released from the analytes
upon fragmentation in a collision cell. Nevertheless, chemical
labeling also has limitations and some considerations have to be
taken to get around these drawbacks (For in depth information
on iTRAQ and TMT strategies see Bantscheﬀ et al., 2008; Karp
et al., 2010; Ting et al., 2011; Wenger et al., 2011).
PROTEOMIC STUDIES OF MEMORY
The shotgun quantitative strategies described above have
fostered a revolution in many fields of biology such as cancer,
immunology, and neuroscience by improving our understanding
of the systemic cellular response of stimulated or disease states
Frontiers in Chemistry | www.frontiersin.org 5 October 2016 | Volume 4 | Article 40
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al.,	2007).	Label-free	 is	 the	 least	accurate	strategy	of	relative	quantification,	but	 it	has	gained	





Pontes and de Sousa Unveiling Memory through Mass Spectrometry
FIGURE 4 | Different strategies to quantify peptides. In label free experiments, samples are digested and ran separately in a mass spectrometer; they are
combined only in the data analysis. In metabolic labeling, on its turn, one of the conditions is grown in medium containing amino acids labeled with heavy isotopes or
heavy nitrogen. Here, the samples are combined very early, and sample handling and analysis are done concomitantly. Lastly, in chemical labeling, tags are
incorporated at the protein level, as is the case of iCAT, or at the peptide level with iTRAQ and TMT. In these strategies, the samples are combined early in the
workflow of the experiment without increasing the complexity of the samples in the MS1, since the tags of iTRAQ and TMT are isobaric—being distinguished only
upon fragmentation in a collision cell.
vs. control (Krüger et al., 2008; Dahlhaus et al., 2011; Geiger
et al., 2012; Boersema et al., 2013; Meissner and Mann, 2014;
Nascimento and Martins-de-Souza, 2015). Yet, when it comes to
the proteomic study of memory, very few MS-based experiments
have been carried out so far. Some authors believe that such
discrepancy is due to the diﬃculty to characterize proteins that
are genuinely associated with this cognitive process due to high
biological variability among individuals within areas related to
memory such as the hippocampus (Dieterich and Kreutz, 2015).
Nevertheless, this explanation falls short, since transcriptomics
assays to investigate memory have been conducted before with
success (Ponomarev et al., 2010; Bero et al., 2014).
In addition, two recent proteomic studies have demonstrated
that those kinds of experiments are feasible. In the first one,
Borovok et al. used a radial arm maze (RAM) paradigm
to understand the process of memory consolidation in the
hippocampus of mice (Borovok et al., 2016). In summary, the
RAM behavioral task works as follows: a central circular chamber
is connected to eight long arms, which are open to the animal
upon the removal of a guillotine door. In the end of four of the


















delay	 in	 the	 retention	 time	between	 the	 labeled	and	non-labeled	 conditions	 (Yi	 et	 al.,	 2005).		
Here,	as	is	also	the	case	in	label-free	experiments,	quantification	is	acquired	by	the	peak	area	
ratios	of	the	heavy	and	light	peptides	in	the	XIC	(Bantscheff	et	al.,	2007;	Ong	et	al.,	2002).	


















































assays	 have	 been	 performed	 as	well,	 however	 transcripts	 are	 not	 the	 end	 products	 of	most	
biological	functions	and	can	only	be	used	as	a	proxy	for	protein	dynamics.		
In	order	to	extend	the	knowledge	of	how	memories	become	consolidated	over	time	in	
the	 hippocampus	 of	 animals	 subjected	 to	 an	 operant	 conditioning	 (OC)	 task,	 we	 measured	
protein,	 phosphoproteins	 and	 mRNA	 levels	 in	 rats	 subjected	 to	 this	 behavioral	 paradigm	 at	
different	time	points.	To	accomplished	that,	we	performed	the	following	steps	throughout	this	
studied:	




































with	 memory	 reconsolidation	 mechanisms.	 We	 thus	 manually	 performed	 the	 training	 by	
releasing	water	 (i.e.	 the	 reward)	 as	 animals	 got	 progressively	 closer	 to	 the	 lever.	 Eventually,	
animals	learnt	that	pressing	the	lever	in	the	box	would	result	in	the	reward	(Figure	5B).	Here,	we	
set	 the	 criterion	 for	 behavioral	 acquisition	 to	 15	 lever	 presses	 in	 a	 row	 (Figure	 5C).	 Animals	
















































































































































































































































































min	 and	 processed	 using	 the	 filter-aided	 sample	 preparation	 (FASP)	 method,	 with	 minor	
modifications	(Figure	6A;	see	methods	for	more	details).	After	tryptic	digestion,	peptides	of	each	




















first	 time	two	offline	 fractionation	strategies:	 	 strong	anion	exchange	 (SAX)	and	strong	cation	









Subsequently,	 each	 SAX	 fraction	 was	 analyzed	 using	 a	 165-min	 organic	 gradient	 in	 a	
hybrid-ion	 trap	 orbitrap	 mass	 analyzer	 (Orbitrap	 Elite).	 All	 the	 raw	 files	 were	 processed	 in	
Proteome	Discover	(PD)	version	2.1	(Thermo	Fisher	Scientific)	using	Sequest	HT	and	AmandaMS	
as	searching	engines,	setting	the	false	discovery	rate	(FDR)	at	the	protein	and	peptide	levels	at	













(A)	 Venn	 diagrams	 of	 the	 technical	 replicates	 of	 SAX	 and	 SCX	 strategies.	 In	 total,	we	 identified	 7,000	
proteins	using	SAX	and	5,620	proteins	using	SCX.	(B)	Density	plots	of	the	technical	replicates	of	the	two	








Quantitative	 information	 about	 proteins	 identified	 at	 the	 three-time	 intervals	 was	
obtained	by	extracting	iTRAQ	intensities	derived	from	high	confidence	hippocampus	peptides.	
Evaluation	of	these	 intensities	 in	the	R	software	enabled	the	quantification	of	4,554	proteins,	
which	 spanned	 the	 fold-change	 range	 of	 -2	 ⋜	 X	 ⋝	 2	 (supplementary	 excel	 file	 3).	 Proteins	
displaying	 significant	 abundance	 changes	 were	 identified	 combining	 limma	 test	 and	 rank	
products.	 These	 statistical	 tools	 work	 well	 in	 experiments	 with	 a	 small	 number	 of	 biological	
replicates	 (n	 =	 3)	 and	 data	 sets	 with	 additional	 missing	 values	 such	 as	 transcriptomic	 and	





































































































































































































































distinct	 clusters,	 which	 show	 patterns	 of	 expression	 across	 time.	 The	 proteins	 in	 cluster	 1	 display	 an	
increase	 in	 abundance	 throughout	 the	 process	 of	memory	 consolidation	 and	 after	 the	 recall	 session.	














reveals	 that	OC-based	associative	memories	have	 an	early	 time	 sensitive	window	 for	protein	
synthesis	prior	to	the	first	hour	after	training.	
	
Operant	 Conditioning	 (OC)-Based	 Associative	 Memories	 Possess	 Particular	 Molecular	
Signatures		













data	 was	 enriched	 for	 cytoplasmic,	 extracellular	 exosome,	 nucleus	 and	 membrane	 proteins		
(supplementary	excel	file	5).	Other	terms	such	as	protein	complex,	post-synaptic	density,	axon,	
dendrite	 and	 neuron	 projection	 were	 also	 assigned	 to	 proteins	 in	 this	 data	 set.	 Further,	 by	
analyzing	the	functional	categories	of	these	proteins,	we	found	that	the	top	enriched	terms	were	
phosphoprotein,	cytoplasm	and	acetylation	(p	<	0.05;	supplementary	excel	file	5).	These	results	
reinforce	 the	 notion	 that	 PTMs	 play	 a	 central	 role	 in	 the	 process	 of	 memory	 formation	
(Routtenberg	and	Rekart,	2005).		




to	 clustering	 with	 overlapping	 neighborhood	 expansion	 (ClusterONE),	 an	 algorithm	 which	
predicts	 protein	 complexes	 from	 protein-protein	 interaction	 data	 (Nepusz	 et	 al.,	 2012).	 This	
analysis	generated	a	total	of	6	protein	clusters	(p	<	0.05),	which	might	represent	genuine	protein	


































































































































































































































































































subjected	 to	 a	 recall	 session	 displayed	 the	 largest	 number	 of	 proteins	 exhibiting	 significant	
abundance	changes.	We	 identified	a	 total	of	275	differentially	 regulated	proteins	at	 this	 time	
interval,	of	which	60%	were	up-regulated.	 	These	 results	 strongly	 suggest	 that	 some	of	 these	
proteins	are	associated	with	the	process	of	retrieval	itself,	since	earlier	studies	have	shown	that	
the	majority	of	molecules	are	down-regulated	at	24	h	after	conditioning.	(Monopoli	et	al.,	2011),	
for	 instance,	 showed	 that	 the	number	of	proteins	being	up-regulated	at	 this	point	decreases	
when	compared	to	earlier	time	intervals.	(M.	M.	Ryan	et	al.,	2012),	 likewise,	measured	mRNA	





0.05;	 supplementary	 excel	 file	 6).	 Proteins	 associated	with	 axon,	 neuron	projection,	 PSD	 and	
synaptic	 vesicle	were	also	detected	 in	 the	CC	analysis,	but	 they	were	 represented	 to	a	 lower	
degree.	 Notably,	 proteasome	 complex	 was	 also	 a	 term	 amongst	 the	 CC	 analysis.	 Proteins	
classified	under	 this	 term	are	members	of	 the	ubiquitin	proteasome	 system,	which	has	been	
associated	with	the	process	of	memory	reconsolidation	(S.-H.	Lee	et	al.,	2008).	Using	DAVID,	we	
also	 carried	 out	 enrichment	 analysis	 for	 functional	 categories	 (FC)	 and	 KEGG	 pathway.	
Interestingly,	 the	 top	hit	 terms	of	FC	were	phosphorylation,	acetylation	and	methylation	 (p	 <	
0.05;	supplementary	excel	file	6).	These	results	show	that	PTMs	may	be	playing	important	roles	




were	 shown	 to	be	up-regulated	 (C.-C.	Huang	et	 al.,	 2011;	McMahon	et	 al.,	 1995;	 Tucker	and	
Chapman,	2002).		
Next,	we	used	the	STRING	database	to	infer	possible	protein-protein	interactions	among	
the	 differentially	 regulated	 proteins	 after	 the	 recall	 session	 (Figure	 10A).	 	 Subsequently,	 we	
subjected	this	network	to	the	clustering	algorithm	of	ClusterONE	to	predict	protein	complexes	
(Figure	 10B).	 	 ClusterONE	 analysis	 generated	 a	 total	 of	 11	 clusters	 (p	 <	 0.05).	 Among	 these	
putative	 protein	 complexes,	we	 detected	members	 of	 the	 eukaryotic	 initiation	 factors	 (eIFs).	
Notably,	 it	 has	 been	 known	 that	 eIFs	 participate	 in	 the	 initiation	 phase	 of	 de	 novo	 protein	






for	 by	 site	 specificity.	 For	 instance,	 some	 regions	 of	 the	 hippocampus	 may	 require	 protein	
synthesis	and	induces	the	synthesis	of	specific	eIFs;	in	other	sections,	the	opposite	may	happen.	













































































































































































































































































































































































































































































































































Nevertheless,	 no	 large-scale	 proteomic	 assay	 has	 been	 performed	 to	 understand	 the	 role	 of	
phosphorylation	during	memory	 formation	and	 retrieval.	 To	address	 this	question	 in	operant	
conditioned	rats,	we	combined	iTRAQ	labeled	peptides	once	more	and	enriched	for	phospho-
modified	 analytes	 using	 TiO2	 beads,	 a	 step	 required	 prior	 to	 LC-MS/MS	 analysis	 due	 to	 the	
substoichiometric	levels	of	PTMs	in	cells.	
	 Using	 a	 single-shot	 strategy,	 we	 identified	 568	 phosphoproteins	 and	 extracted	 iTRAQ	
intensities	of	the	reporter	groups	to	obtain	quantitative	information	for	these	phosphopeptides	
(supplementary	 excel	 file	 7).	 After	 correction	 for	 protein	 abundance,	 statistical	 analysis	 in	 R	
showed	that	53	phosphopeptides	exhibited	significant	abundance	changes	throughout	the	three	
time	points	under	investigation	here	(p	<	0.05;	supplementary	excel	file	8).	Interestingly,	we	did	
not	 detect	 any	 significantly	 regulated	 phosphoprotein	 at	 30	min	 after	 training,	 although	 we	
showed	 that	 CaMKII	 was	 up-regulated	 at	 this	 time	 point.	 Conversely,	 4	 phosphopeptides	
displayed	 different	 abundance	 changes	 at	 12	 h	when	 compared	with	 the	 control	 individuals.	
Among	 these,	 we	 have	 detected	 the	 up-regulation	 of	 EIF3G	 phosphorylation.	 Notably,	
(Martineau	et	 al.,	 2014)	 demonstrated	 that	 EIF3G	phosphorylation	 is	 required	 for	 translation	
initiation,	 which	 is	 consistent	 with	 the	 notion	 that	 hippocampi	 cells	 of	 conditioned	 rats	 are	
synthesizing	new	proteins	at	later	stages	of	memory	consolidation.	
	 Analysis	of	the	phosphoproteome	of	rats	subjected	to	a	recall	session	demonstrated	the	
differential	 regulation	 49	phosphopeptides.	 Surprisingly,	 80%	of	 these	phosphoproteins	were	
down-regulated.	To	 investigate	 the	 role	of	 these	proteins	 in	 rodent	cells,	we	used	 the	DAVID	





were	 phosphorylation,	 acetylation,	 alternative	 splicing,	 cytoskeleton,	 cell	 projection	 and	






similarity	between	 transcript	 and	protein	abundances	 in	 steady-state	 conditions,	while	highly	
dynamic	 cellular	 states	 exhibited	 large	 differences	 (Liu	 et	 al.,	 2016).	 To	 investigate	 if	 mRNA	
abundance	mirrors	their	protein	counterparts	during	memory	consolidation	and	after	recall,	we	
selected	a	total	of	5	targets	(supplementary	excel	file	primers)	and	measured	their	concentration	
using	 real-time	quantitative	polymerase	 chain	 reaction	 (RT-qPCR).	Gria1	 and	Camklla	 protein	
counterparts	did	not	exhibit	significant	abundance	changes	at	none	of	the	time	interval	under	
study	here,	but	they	have	been	shown	to	be	regulated	in	other	behavioral	paradigms	such	as	fear	
conditioning	 and	 spatial	memory	 tasks	 (M.	 C.	 Frey	 et	 al.,	 2009;	 Lisman	 et	 al.,	 2002).	 RAB3A,	


























































































































































proteome	 changes	 at	 1	 h	 in	 neither	 of	 these	 experimental	 groups.	 	 At	 4	 h,	 however,	 they	
identified	 164	 proteins	 exhibiting	 significant	 abundance	 changes	 in	 animals	 subjected	 to	 the	
delayed	shock	protocol	and	273	proteins	in	the	immediate	shock	group.		





CREB	 is	a	transcription	factor	known	to	activate	a	 large	number	of	genes	 involved	 in	memory	
consolidation.	Nevertheless,	global	transcript	and	protein	abundance	changes	vary	significantly	





aversive	 and	 spatial	 memories,	 we	 performed	 the	 first	 temporal	 quantitative	 hippocampal	
proteome	and	phosphoproteome	analyses	of	operant	conditioned	 rats.	After	establishing	 the	
superior	 in-depth	 coverage	 of	 the	 SAX	 fractionation	 strategy,	 we	 identified	 a	 total	 of	 8,951	
proteins	with	 at	 least	 one	 unique	 peptide.	We	 showed	 that	 the	 levels	 of	 465	 proteins	were	
significantly	altered	at	three	distinct	time	points	–	30	min,	12	h	and	after	a	recall	session	that	
	 37	
took	 place	 24	 h	 after	 training.	 Furthermore,	 enrichment	 of	 phosphopeptides	 using	 titanium	





consolidation	 (Bourtchouladze	 et	 al.,	 1998).	 In	 addition,	 they	 are	 consistent	 with	 previous	













instance,	 (Bodenmiller	 et	 al.,	 2007)	 employed	 three	 different	 techniques	 to	 isolate	
phosphopeptides	 –	 phosphoramidate	 chemistry,	 immobilized	 metal	 affinity	 chromatography	
(IMAC)	and	TiO2	beads	–	from	Drosophila	melanogaster	Kc167	cells	and	analyzed	the	samples	in	
a	 mass	 spectrometer.	 They	 found	 that	 each	 isolation	 strategy	 enriches	 for	 a	 specific	 set	 of	
phosphopeptides.		Accordingly,	data	sets	generated	from	these	methods	showed	a	weak	overlap	






mechanisms,	 for	 instance,	 depolarization	 of	 CA1	 cells	 of	 the	 hippocampus	 through	 tetanic	
stimulation	leads	to	the	influx	of	calcium	and	activation	of	CaMKII,	a	protein	kinase	that	plays	an	
important	role	in	LTP.	Interestingly,	repeated	stimulation	of	CA3	cells	leads	to	the	activation	of	
PKA	 in	 the	 CA1	 post-synaptic	 neurons	 by	 the	 increase	 in	 cyclic	 adenosine	 monophosphate	
(cAMP).	Activated	PKA	turns	on	mitogen	activated	protein	kinase	(MAPK),	which	translocates	to	
the	 nucleus	 and	 phosphorylates	 CREB	 (Pontes	 and	 de	 Sousa,	 2016).	 Furthermore,	 repeated	
tetanic	stimulation	also	 leads	to	the	activation	of	protein	kinase	C	zeta.	This	protein	kinase	 is	
required	for	the	persistence	of	memory,	but	not	for	its	initial	induction	(Tsokas	et	al.,	2016).		
Among	 the	 up-regulated	 proteins	 at	 30	 min	 after	 conditioning,	 we	 identified	 a	 fold-
change	increase	of	0.2	in	the	b-subunit	of	CaMKII.	Interestingly,	previous	FC	or	SMTs	behavioral	
paradigm	 studies	have	detected	major	 changes	 in	 the	expression	of	 the	a-subunit	 of	 CaMKII	
(Ahmed	and	J.	U.	Frey,	2005b).	 	CaMKII	a-	and	b-subunits	are	the	most	abundant	 isoforms	of	
CaMKII	in	the	brain	of	vertebrates	(Lisman	et	al.,	2002).	We	quantified	the	a-subunit	at	all	time	
points,	 but	 its	 abundance	 did	 not	 change	 significantly	 during	 the	 course	 of	 the	 experiment.		
Consistent	 with	 these	 results,	 quantification	 of	 CaMKIIa	 transcript	 was	 not	 altered	 when	





exhibited	 significant	 abundance	 changes	 between	 subject	 and	 control	 animals.	 We	 grouped	
these	 proteins	 into	 three	 different	 clusters	 that	 display	 the	 temporal	 behavior	 of	 the	
hippocampal	proteome	during	memory	formation	and	after	recall	(Figure	8;	supplementary	excel	
file	 4).	 Among	 the	 107	 up-regulated	 proteins,	 we	 found	 the	 isoforms	 YWHAG,	 YWHAH	 and	









Initial	 evidence	 for	 the	 role	 of	 14-3-3	 protein	 family	 isoforms	 in	memory	 came	 from	
studies	in	Drosophila	flies	containing	mutations	in	the	gene	leonardo	(leo),	which	encoded	one	
of	 the	 isoforms	of	 this	protein	 family.	 Interestingly,	 leo	 flies	 exhibited	memory	deficits	 and	a	
reduction	 in	 basal	 synaptic	 transmission	 when	 they	 were	 subjected	 to	 an	 olfactory	 learning	
paradigm	(Skoulakis	and	Davis,	1996).	In	mammals,	rodents	have	been	used	to	study	alterations	
in	 memory	 formation	 associated	 with	 these	 proteins.	 (Qiao	 et	 al.,	 2014),	 for	 example,	 used	
transgenic	mice	expressing	an	inhibitor	of	the	14-3-3	protein	family	isoforms	in	the	neurons	of	
the	CA3-CA1	regions	of	the	hippocampus	to	study	alterations	in	memory	formation	within	a	FC	












suggesting	 that	 the	 expression	 of	 this	 protein	 is	 regulated	 post-transcriptionally.	 Interaction	
networks	containing	regulated	proteins	at	12	h	after	conditioning	indicated	that	YWHAG,	YWHAH	





















a	 recall	 session.	 Re-testing	 animals	 24	 h	 later	 revealed	 that	 while	 ANI	 infused	 mice	 had	 a	
significant	decrease	 in	 fear	 levels,	administration	of	b-lactone	alone	did	not	affect	 fear	 levels.	
Surprisingly,	co-administration	of	b-lactone	reversed	the	amnesic	effects	of	ANI.	(S.-H.	Lee	et	al.,	
2008)	 	 concluded	 that	 the	 proteasome	 inhibitor	 destabilized	 the	 reactivated	 memories,	 yet	
protein	 synthesis	 is	 still	 required	 for	 the	 re-stabilization	 of	 consolidated	 memory.	 That	 is,	
consolidated	memories	 could	be	 reconfigured	during	 recalls	by	degradation	and	new	protein	
synthesis.	
In	order	 to	access	 the	 role	of	protein	degradation	during	memory	 retrieval	 in	operant	
conditioned	rats,	we	performed	cellular	component	analysis	of	the	regulated	proteins	after	the	
recall	session.	Results	revealed	an	enrichment	for	proteins	associated	with	ubiquitin	proteasome	
system.	 Notably,	 some	 ubiquitin	 proteasome	 system	 components	 such	 as	 proteasome	 26S	
	 41	
subunit,	 non-ATPase,	 6	 (Psmd6)	 and	 ubiquitin-like	 modifier-activating	 enzyme	 2	 (Uba2)	 and	
proteasome	subunit	 alpha	 type-6	 (Psma6)	had	a	 fold-change	decrease	of	0.13,	0.23	and	0.15	
respectively,	 while	 other	 proteins	 like	 ubiquitin-conjugating	 enzyme	 E2	 N	 (Ube2n)	 and	 26S	
proteasome	regulatory	subunit	6B	(Psmc4)	were	up-regulated.	A	plausible	explanation	for	these	
observations	 is	 that	within	neural	networks	 in	the	hippocampus,	different	components	of	the	
proteasome	have	distinct	specificities	and	activities	for	substrates	(X.	Wang	et	al.,	2013).		
Recently,	 (Jarome	et	 al.,	 2016)	 demonstrated	 that	 CaMKII	 is	 critical	 for	 an	 increase	 in	










detect	 clear	 evidence	 for	 memory	 reconsolidation	 in	 operant	 conditioned	 animals	 (Exton-
McGuinness	et	al.,	2014;	Hernandez	and	Kelley,	2004;	Tronson	and	Taylor,	2007).	The	apparent	
absence	of	memory	reconsolidation	could	have	resulted	from	the	adopted	training	protocol	–	
subjecting	 rodents	 to	 10	 consecutive	 training	 sessions	 prior	 to	 retrieval	 might	 have	masked	
processes	associated	with	memory	 reconsolidation.	 To	be	more	precise,	 several	 studies	have	
shown	 that	 hippocampal	 dependent	 memories	 last	 for	 a	 couple	 of	 days.	 Subsequently,	 this	
information	 is	 transferred	 to	 regions	of	 the	cortex	 for	 long-term	storage	 (Lesburguères	et	al.,	
2011).	Consistent	with	this	view,	 (Milekic	and	Alberini,	2002)	trained	rats	 in	FC	and	subjected	
these	animals	to	recall	sessions	at	different	time	points	after	conditioning	–	2,	7,	14	and	28	days	
later.	 They	 found	 that	 animals	 became	 vulnerable	 to	 memory	 disruptions	 through	 the	





into	 perspective,	 we	 reason	 that	 the	 inability	 to	 detect	 memory	 reconsolidation	 in	 operant	




















proteins	 associated	 with	 the	 regulation	 of	 the	 cytoskeleton	 such	 as	 members	 of	 the	 14-3-3	
protein	 family	 are	 important	 in	 the	 rearrangement	 of	 neural	 circuitries	 in	 the	 hippocampus.	
Interestingly,	 regulation	 of	 these	 proteins	 was	 not	 accompanied	 by	 changes	 in	 their	 mRNA	
counterparts,	reveling	a	 low	interdependence	between	these	macromolecules.	Moreover,	the	
identification	of	differentially	regulated	proteins	of	the	ubiquitin-proteasome	system	(UPS)	after	































































	 The	 digestion	 of	 proteins	 into	 peptides	 was	 performed	 as	 previously	 described	 in	
(Wisniewski	et	al.,	2009),	with	some	modifications.	Briefly,	ground	frozen	hippocampal	samples	
were	 homogenized	 in	 0.3	 mL	 of	 4%	 (w/v)	 sodium	 dodecyl	 sulfate	 (SDS),	 0.02	 M	
triethylammonium	bicarbonate	(TEAB),	0.1	M	dithiothreitol	(DTT),	phosphatase	inhibitor	cocktail	
(Roche)	and	pH	7.9.	Tubes	were	then	incubated	for	10	min	at	90	˚C	and	sonicated	to	shear	DNA	






In	 order	 to	 perform	 the	 comparison	 between	 SCX	 and	 SAX	 pre-fractionation	 strategies,	 we	
digested	500	µg	of	protein	lysates	and	made	adjustments	to	the	volume	of	the	buffer	solutions	
of	the	steps	described	below.	Vivacon	devices	were	then	centrifuged	at	10,000	g	for	15	min	at	20	
˚C	 –	 all	 the	 following	 centrifugations	 were	 performed	 at	 this	 temperature,	 unless	 otherwise	
stated.	Samples	were	washed	with	0.2	mL	of	UB	and	centrifuged.	Subsequently,	0.1	mL	of	UB	
containing	iodoacetamide	to	a	final	concentration	of	0.05	M	was	added	to	the	samples	and	the	
Vivacon	 devices	were	 incubated	 for	 20	min	 in	 the	 dark.	 Samples	 in	 the	 filtration	 units	were	
centrifuged,	washed	with	0.2	mL	of	UB	and	re-centrifuged.	Concentrated	samples	in	the	Vivacon	
devices	were	buffer	exchanged	by	washing	twice	with	0.1	mL	of	digestion	buffer	 (DB;	0.02	M	
TEAB	and	pH	7.9)	as	described	above.	 	 These	 samples	were	 then	 trypsin-digested	 in	DB	with	
















	 Offline	 pre-fractionation	 of	 peptides	was	 performed	 according	with	 (Rappsilber	 et	 al.,	




loading	 the	 pipette	 tips	 with	 0.1	 mL	 of	 100%	 methanol	 and	 centrifuging	 them	 –	 all	 the	
centrifugations	set	at	1,000	g	and	the	entire	procedure	was	performed	at	room	temperature.	
Activated	membranes	were	subjected	to	a	number	of	washes	by	 loading	and	centrifuging	the	
tips.	 First,	 they	 were	 washed	 with	 0.1	 mL	 of	 0.1%	 ammonium	 hydroxide	 (NH4OH)	 and	 80%	
acetonitrile	(ACN);	second,	0.1	mL	of	0.1%	NH4OH;	and	third,	0.1	mL	of	20%	ACN,	0.1%	NH4OH	






































combined	 in	 a	 ratio	 of	 1:1:1:1.	 Starting	with	 a	 total	 concentration	 of	 100	µg,	 each	 biological	
replicate	was	diluted	in	80%	acetonitrile,	5%	TFA	and	1	M	glycolic	acid.	Next,	titanium	dioxide	
(TiO2)	beads	of	5	µm	in	diameter	(GL	Science,	Japan)	were	added	to	the	samples	in	a	ratio	of	0.6	
mg/100	 µg	 (bead/peptide)	 and	 the	 biological	 replicates	 were	 incubated	 for	 20	min	 at	 room	






















coupled	 to	 an	Orbitrap	 Elite	mass	 spectrometer	 (Thermo	 Scientific).	 Briefly,	we	 resuspended	




(0.1%	 formic	 acid,	 2%	 ACN).	Washed	 peptides	 were	 eluted	 into	 a	 35	 cm	 long	 (75	 µm	 inner	













	 Raw	 files	 of	 the	 LC-MS/MS	 runs	 have	 been	 deposited	 in	 the	 ProteomeXchange	
Consortium	 through	 the	 PRIDE	 (Vizcaíno	 et	 al.,	 2016)	 partner	 repository	 with	 the	 data	 set	
identifier	 PXD009782.	 These	 raw	 files	 were	 analyzed	 in	 Proteome	 Discover	 v2.1.	 Data	 were	
searched	 against	 the	 Rattus	 norvegicus	 database	 (Proteome	 ID:	 UP000002494)	 from	
Uniprot/SWISS-PROT	with	a	precursor	mass	tolerance	of	10	ppm	and	a	fragment	mass	tolerance	
of	0.05	Da.	Searches	were	performed	using	MS	Amanda	2.0,	as	well	as	Sequest	HT,	and	conducted	
with	 methionine	 oxidation,	 deamidation,	 acetylation	 and	 iTRAQ	 labeling	 as	 variable	
modifications.	Cysteine	carbamidomethylation	was	set	as	a	fixed	modification.	In	the	assay	that	
we	benchmarked	SAX	 to	SCX,	 iTRAQ	 labeling	was	not	 set	as	a	 variable	modification	and	only	
Sequest	 HT	 was	 used	 as	 a	 searching	 engine.	 In	 the	 phophosproteome	 experiment,	
phosphorylation	was	also	set	as	a	variable	modification.	Data	were	filtered	to	a	1%	FDR	using	the	









matches.	 Phosphorylated	 peptides	were	 adjusted	 by	 subtraction	 of	 protein	 expressions	 from	
identical	 samples.	 Statistical	 tests	were	 performed	 for	 proteins	 and	 phosphorylated	 peptides	
separately.	 Differentially	 regulated	 features	 were	 determined	 by	 applying	 LIMMA	 and	 rank	
product	 test	 and	 correction	 for	 multiple	 testing	 according	 to	 (Schwämmle	 et	 al.,	 2013).	



























the	 targeted	 transcripts	 –	 Gria1,	 CamkIIa,	 Rab3a,	 Ywhab,	 Ywhag	 and	 Gapdh	 (endogenous	
reference)	–	and	visualized	the	amplicons	in	an	2%	agarose	gel.	Each	reaction	generated	a	unique	
band	 in	 the	gel	which	matched	with	 its	expected	molecular	weight.	We	have	also	performed	
dilution	curves	to	measure	the	efficiency	of	the	primers,	showing	that	they	were	all	close	to	100%	
(Supplementary	 Table	 XXX).	 These	 dilution	 curve	 assays	 and	 the	 RT-qPCR	 experiments	
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